The evolution of calcified tissues is a defining feature in vertebrate evolution. Investigating evolution of proteins involved in tissue calcification should help elucidate how calcified tissues have evolved. The purpose of this study was to collect and compare sequences of matrix and bone γ-carboxyglutamic acid proteins (MGP and BGP, respectively) to identify common features and determine the evolutionary relationship between MGP and BGP. Thirteen cDNAs and genes were cloned using standard methods or reconstructed through the use of comparative genomics and data mining. These sequences were compared with available annotated sequences -a total of 48 complete or nearly complete sequences (28 BGPs and 20 MGPs) have been identified across 32 different species representing most classes of vertebrates -and evolutionary conserved features in both MGP and BGP were analyzed using bioinformatic tools and TreePuzzle software. We propose that (1) MGP and BGP genes originated from two genome duplications that occurred around 500 and 400 Myr ago before jawless and jawed fish evolved, respectively, (2) MGP appeared first concomitantly with emergence of cartilaginous structures and BGP appeared thereafter along with bony structures, and (3) BGP derives from MGP. We also propose a highly specific pattern definition for the Gla domain of BGP and MGP.
The evolution of calcified tissues is a defining feature in vertebrate evolution. Investigating evolution of proteins involved in tissue calcification should help elucidate how calcified tissues have evolved. The purpose of this study was to collect and compare sequences of matrix and bone γ-carboxyglutamic acid proteins (MGP and BGP, respectively) to identify common features and determine the evolutionary relationship between MGP and BGP. Thirteen cDNAs and genes were cloned using standard methods or reconstructed through the use of comparative genomics and data mining. These sequences were compared with available annotated sequences -a total of 48 complete or nearly complete sequences (28 BGPs and 20 MGPs) have been identified across 32 different species representing most classes of vertebrates -and evolutionary conserved features in both MGP and BGP were analyzed using bioinformatic tools and TreePuzzle software. We propose that (1) MGP and BGP genes originated from two genome duplications that occurred around 500 and 400 Myr ago before jawless and jawed fish evolved, respectively, (2) MGP appeared first concomitantly with emergence of cartilaginous structures and BGP appeared thereafter along with bony structures, and (3) BGP derives from MGP. We also propose a highly specific pattern definition for the Gla domain of BGP and MGP.
BGP
1 (bone γ-carboxyglutamic acid (Gla) protein or osteocalcin) and MGP (matrix Gla protein) belong to the growing family of vitamin K-dependent (VKD) proteins, whose members are involved in a broad range of biological functions such as skeletogenesis and bone maintenance (BGP and MGP), hemostasis (prothrombin, clotting factors VII, IX and X, and proteins C, S and Z), growth control (gas6) and potentially signal transduction (proline-rich Gla proteins 1 and 2). VKD proteins are characterized by the presence of several Gla residues resulting from the post-translational vitamin K-dependent γ-carboxylation of specific glutamates, and through which they can bind to calcium-containing mineral such as hydroxyapatite. To date, VKD proteins have only been clearly identified in vertebrates (1) although the presence of a γ-glutamyl carboxylase has been reported in the fruit fly Drosophila melanogaster (2) and in marine snails belonging to the genus Conus (3) . Gla residues have also been found in neuropeptides from Conus venoms (4), suggesting wider prevalence of γ-carboxylation. Bone and matrix Gla proteins have essential roles in controlling tissue mineralization and form a sub-group within the VKD family. BGP and MGP have low similarity with blood coagulation factors, though they are believed to have diverged from a common ancestor (5) (6) (7) . Although a number of questions still remain concerning their mode of action at the molecular level, a large number of studies have clearly shown that BGP and MGP are central to the control of tissue mineralization mechanisms.
MGP is a 10-kDa protein produced and secreted by vascular smooth muscle cells (8) and chondrocytes (9) , and significantly accumulated in bone, cartilage and dentin from mammals, amphibians, cartilaginous and bony fishes (10) (11) (12) (13) (14) .
MGP gene expression is confined to proliferative and late hyperthrophic chondrocytes within the mammalian growth plate during endochondral bone formation and has been therefore described as a marker of the chondrogenesis cell lineage (15) . A signal peptide, a phosphorylation domain, a γ-carboxylase recognition site and 4-5 Gla residues are conserved features among MGPs. The spontaneous calcification of arteries and cartilage in mouse lacking MGP or the abnormal cartilage and artery calcification in patients affected by the Keutel syndrome (autosomal recessive disorder caused by mutations in MGP gene) indicate that this protein is a physiological inhibitor of mineralization (16) (17) (18) . Additional data suggest that MGP is involved in protecting tissues from ectopic calcification in mammals (17, 19) and controlling cartilage cell differentiation and mineralization during early development of chicken limb (9) . In vitro cell culture experiments have shown that MGP gene expression can be regulated by 1,25-(OH) 2 vitamin D 3 (20) , retinoic acid (21, 22) , extracellular calcium (23, 24) , growth factors and cell proliferation events (25) , but the mechanisms responsible for the transcriptional regulation of MGP still remain largely unknown.
BGP is a 5.6-kDa secreted protein and, unlike MGP, has proven to be specific for vertebrate calcified tissues, with the exception of cartilaginous fishes, and represents 1-2% of the total bone protein. BGP is synthesized by osteoblasts and odontoblasts. All known BGPs are synthesized as pre-pro-proteins and contain 3 Gla residues located within a conserved domain in the central part of the mature protein. Previous studies have failed to reveal a critical role for BGP in mammalian bone formation. BGP-deficient mice exhibit a higher bone mass when compared to control (26) and IR micro-spectroscopy has shown that BGP is required for the correct maturation of the hydroxyapatite in mammalian bone (27) . The tertiary structures of bovine (28) , porcine (29) and meagre (30) BGP have recently been determined by X-ray crystallography (porcine and meagre) and NMR (bovine). Despite some differences, the three structures are very similar, with a novel fold comprising a C-terminal region with the 3 helices and a small hydrophobic core, and a short, unstructured N-terminal sequence. The 3 Gla residues (4 in meagre) are on the outer face of helix 2, coordinating the Ca 2+ ions present in the structures and suggesting a mechanism for attachment to the surface of the hydroxyapatite crystals in bone (29). In the absence of Ca 2+ , the apoprotein form of BGP is in a disorganized state, as indicated by NMR studies (28) .
Interestingly, re-expression of MGP in arteries of MGP -/-mice can reverse the arterial mineralization, a result that cannot be mimicked by BGP indicating that these evolutionary related proteins do not work in a similar way (31).
Understanding more clearly the evolution of BGP and MGP will contribute to better evaluate the various hypotheses about their role and function in tissue mineralization. It should also help illuminate how calcified tissues have evolved and provide key insights into vertebrate evolution. Specific goals of this work were (i) to identify new MGP and BGP homologues using standard cloning methods or through the use of comparative genomics and data mining of available genomic and EST libraries, (ii) to provide insight into MGP and BGP common features by looking at similarities among gene and protein sequences, and (iii) to infer particular trends in BGP and MGP evolutionary history through a phylogenetic analysis of all available amino acid sequences. Finally, we propose a model for the early origin and evolution of BGP and MGP on the basis of results presented here and in previous studies.
EXPERIMENTAL PROCEDURES
BGP and MGP sequence collection -Previously characterized sequences were obtained from GenBank (www.ncbi.nlm.nih.gov) and Swiss-Prot (us.expasy.org) databases. Additional sequences were either cloned using standard PCR techniques or reconstructed from EST (expressed sequence tag) and WGS (whole genome shotgun) obtained from public sequence databases. Sequence reconstruction: dbEST and Trace Archive were extensively searched using BLAST facilities at NCBI for sequences showing similarities to known BGP and MGP transcripts or genes. Speciesspecific sequences were first clustered and elements of each cluster were assembled using Clustal X (32) to generate, after manual correction, highly accurate consensus sequences. Virtual transcripts and genes were deduced from joined consensus sequence using stringent overlap criteria. Virtual gene structure was predicted using comparative methods (homology to previously annotated genes) and electronic splicing as predicted by GenScan (genes.mit.edu). Cloned sequences: Genomic DNA (prepared with QIAGEN DNEasy Tissue kit), cDNA libraries (prepared with Clontech Marathon cDNA Amplification kit) or reverse-transcribed RNA (prepared using Invitrogen MMLV reverse transcriptase) were used for PCR amplification. Genomic and cDNA fragments were amplified in a GeneAmp 2400 thermal cycler (Perkin Elmer) using Taq DNA polymerase (Invitrogen) and primer sets described in Table 1 . Following an initial denaturation step of 5 min at 95°C, specific DNAs were amplified with 30 cycles [one cycle is 30 s at 95°C, 45 s at Tm (see Table 1 ) and 1 min at 72°C] and a final elongation step of 10 min at 72°C. Resulting PCR products were sizefractionated by agarose gel electrophoresis, purified and ligated into pGEM-T Easy vector (Promega). Final identification was achieved by DNA sequence analysis. Sequence alignment and analysis -Separate alignments for MGP and BGP sequences were created using Clustal X and the Gonnet250 mutation matrix, a gap opening penalty of 10 and a gap penalty of 0.2. Clustal X alignments were fed to the more rigorous T-Coffee multiple sequence alignment software (34) with parameters set to default. Manual adjustments were made in a few cases to improve alignments. An alignment of the whole set of MGP and BGP sequences was produced using a similar procedure. Since there was no recognizable similarity between the MGP and the BGP sequences outside the conserved Gla region, only the latter part of the alignment was kept. Sequence logos presented in Fig. 3 were created from T-Coffee multiple sequence alignments using WebLogo facilities at www.bio.cam.ac.uk (35). The sequence logos are presented as a graphical display where the height of each letter is made proportional to its frequency. This shows the conserved residues as larger characters. Putative signal peptide and phosphorylation sites were identified in protein sequences using SignalP and NetPhos facilities, respectively, at www.cbs.dtu.dk (29,30).
Determination of Sparus aurata genome size -
Sequence identity -Pairwise sequence identity values were computed as percent of identical residues over total number of aligned residues using alignments generated with T-Coffee.
Phylogenetic analysis -All maximum likelihood phylogenetic trees were built from T-Coffee amino acid alignments using the Quartet puzzling algorithm of the Tree-Puzzle software (36). The PAM250 mutation data matrix was chosen because it produced the smallest number of unresolved quartets in all cases. A total number of 100,000 puzzling steps was used and the rate of change was taken as site-independent (the use of a gamma distributed variable rate of change among sites was tried, and produced worse results in all cases). Test runs were also performed with Proml from the Phylip suite of programs (37). Constraint phylogenetic trees were generated using TreeView (38), where the internal branch labels, which are an estimate of branch assignment reliability, are Tree-Puzzle branch support values and must not be confused with the bootstrap values produced by other programs, e.g. Phylip.
Calculation of evolutionary rates -If a clock-like behavior for evolution is assumed, approximate rates of evolution for molecular sequences can be calculated from sequence distances, provided that divergence times between taxa are known from the fossil record (39). Distances between groups were calculated from T-Coffee BGP and MGP multiple sequence alignments using Grishin formula to correct for multiple substitutions and rate variation among sites (40). The mammalian-bird split (310 Myr), tetrapod-fish split (405 Myr), mammalian-amphibian split (200 Myr), radiation of teleosts (430 Myr) and radiation of mammals (100 Myr) (41-43) were used to convert evolutionary distances in PAM (point accepted mutations per 100 aa) per Myr. Final rates were averages of values obtained with above times. The clock-like assumption was checked with the Tajima test (44) and accepted at the 95% level for all triplets of sequences.
RESULTS

Cloning and identification of new BGP and MGP
sequences -To increase the likelihood of identifying all available BGP and MGP sequences from the vast amount of sequence data, various homologues were used as query sequences to search public sequence databases. Hits were considered to be members of the BGP/MGP family if they showed significant sequence similarity to any of the previously identified members, and if this similarity extended throughout the protein. Numerous sequences previously identified as BGP or MGP were collected and their accession number or reference in literature is indicated in Fig. 1 . Our search within public databases also identified many ESTs and WGSs with similarities to previously characterized sequences from which we could reconstruct 6 cDNAs (pig BGP and MGP, rainbow trout BGP and MGP, Atlantic salmon MGP, and channel catfish MGP) and 2 genes (Torafugu MGP and green pufferfish MGP). Finally, 4 cDNAs (toadfish BGP and MGP, striped burrfish MGP, and Nile tilapia BGP) and 1 gene (zebrafish BGP) were amplified by RT-PCR from RNAs prepared from calcified tissues or by PCR from genomic DNA using oligonucleotides listed in Table 1 . The identity of the amplified fragments was confirmed by sequence comparison with previously annotated sequences. Rhesus macaque MGP (Macaca mulatta, GenBank accession number AF162477) and steppe bison BGP (Bison priscus, Swiss-Prot accession number P83489) were not included in this study because sequences were too small or identical to domestic cattle BGP, respectively. No evidence for the presence of any pseudogenes or alternatively spliced transcripts was found. The GenBank / Swiss-Prot accession numbers of all osteocalcin and matrix Gla protein sequences used in this study are listed in Fig. 1 .
Taxa represented -A total of 48 complete or nearly complete sequences -28 BGPs and 20 MGPs -have been identified from 32 different species representing most classes of vertebrates, and only in vertebrates. These include mammals, birds, amphibians, bony fish, and cartilaginous fish (Fig. 1) Fig. 2 showed that BGP and MGP genes shared the same simple gene organization with 4 coding exons and 3 introns splitting the coding region. The phase of introns positioned in the coding sequence is also rigorously conserved not only among all BGP and all MGP genes but also between BGP and MGP genes ( Table 2 ). The intron phases -as defined by Patthy (46) -in both BGP and MGP genes are: phase 1 for the first intron, phase 1 for the second and phase 2 for the third intron. While lengths of exons are well conserved within, as well as between BGP and MGP genes (exon 4 > exon 3 > exon 1 > exon 2), the total size of introns varies from 491 to 2514 bp in BGP genes and from 366 to 4461 bp in MGP genes ( Table 2) . These variations are not related to either the size of the genome (species with long introns are not necessarily those with big genomes; Table 3 ), to a subset of sequences (fish versus non-fish sequences; Fig. 2 ), or to the compactness of the chromosome region to which they belong. Altogether, these results suggest an overall conservation of gene structure between MGP and BGP.
Conserved features of MGP and BGP -In pairwise comparisons of all BGP or MGP protein sequences (Table 4) , overall sequence identity was 63 ± 11 (fish BGP), 65 ± 15 (amphibian and bird BGP), 79 ± 11 (mammalian BGP), 52 ± 15 (fish MGP), 50 ± 0 (amphibian and bird MGP) and 84 ± 3 (mammalian MGP) indicating more constrained sequences in mammals, especially for MGP. Protein size was found to be significantly different between BGPs and MGPs, the later being the larger, for which it contributed the absence of a pro-peptide. Accordingly, BGPs were 97 ± 4 aa (unprocessed protein) and 48 ± 2 aa (mature protein) while MGPs were 110 ± 10 aa (unprocessed protein) and 92 ± 10 aa (mature protein). Higher variation in length within MGPs can be attributed to a larger protein in fish (116 ± 11 aa (unprocessed protein) and 97 ± 10 aa (mature protein) in fish versus 103 ± 0 aa (unprocessed protein) and 84 ± 0 aa (mature protein) in non-fish sequences) resulting mainly from an extended C-terminus.
Analysis of MGP and BGP logos ( Fig. 3 ) generated from T-Coffee multiple sequence alignments identified highly conserved residues (23 in MGP and 20 in BGP) that have been further analyzed using bibliographical data and tools available through the Internet. The following conserved domains were identified: (1) a transmembrane signal peptide in both BGP and MGP to control protein entry into the secretory pathway. Signal peptides were predicted to be 16-21 and 18-25 aa long in MGP and BGP, respectively; (2) a propeptide in BGP but not in MGP. Propeptide is cleaved by furin at the RX[K/R]R polybasic cleavage site that is present in all BGPs with one exception (meagre BGP, where cleavage site is RXXR). This is a common feature for proteins known to require posttranslational proteolytic processing such as clotting factors (47); (3) a phosphorylation domain in MGP (48); (4) a γ-glutamyl carboxylation recognition site which targets the VKD proteins to the γ-glutamyl carboxylase (GGCX). It is most likely that this region docks with the membranebound GGCX, bringing the active site of the enzyme in close proximity to the substrate glutamate residues on the precursor form of VKD proteins. (5) an ANxF domain in MGP likely to be a proteolytic cleavage site involved in posttranslational processing; (6) two invariable cysteine residues required for intramolecular disulphide bridge; (7) A C-terminal Gla domain in both BGP and MGP where the majority of the Glu residues are carboxylated. This domain is responsible for the high affinity binding of calcium ions. A conserved motif is found in the middle of the domain which seems to be important for substrate recognition by the carboxylase; (8) a C-terminus processing site by a carboxypeptidase (CP) to remove the exposed C-terminal basic residues. Interestingly, when rating the gene structure with the protein domains of MGP/BGP it is clear that each coding exon always encodes the same protein domain(s) (Fig. 4) . Exon 1 encodes the complete transmembrane signal peptide and its cleavage site; exon 3 encodes the carboxylase recognition site, a proteolytic cleavage site (ANxF in MGP and RxxR in BGP) and part of the Gla domain; exon 4 encodes the major part of the Gla domain including the canonical cysteine residues. Exon 2 -the smallest exon in both genesencodes a domain exhibiting less conservation: it is a highly conserved phosphorylation domain in MGP and a poorly conserved region of BGP propeptide with no function assigned yet ( Fig. 3  and 4) . Altogether, these results suggest an overall conservation of protein structure between MGP and BGP.
Putative serine, tyrosine and threonine phosphorylation sites were identified for each sequence using NetPhos. No conserved phosphorylation site was identified in BGP whereas 3 highly conserved serine phosphorylation sites (positions 25, 28 and 31 in consensus sequence) were found in MGP (Fig. 3A) . Interestingly, a serine phosphorylation site (position 78) and 2 tyrosine phosphorylation sites (position 90 and 96) were also highly conserved but only in fish and amphibian (S78), in mammals (Y90) or in mammals and amphibians (Y96).
Domains identified through T-Coffee/Logo analysis were converted to Prosite-like domain definition ( Table 6) . On the contrary, GlaXGP pattern definition identified all and only reference sequences demonstrating its specificity and its suitability to identify bone and matrix Gla proteins.
Evolutionary aspects -Maximum likelihood quartet puzzling (QP) phylogenetic trees were generated from BGP, MGP and Gla domain T-Coffee multiple sequence alignments (28, 20 and 48 sequences, respectively) excluding poorly conserved regions (Fig. 5) . Phylogenetic trees were rooted with either the sequence of the more ancient species (GgaMGP for MGP and Gla domain trees; Fig. 5A and 5C ) or the more ancient taxa (bony fish for BGP tree; Fig. 5B ). In agreement with the generally accepted phylogeny of vertebrates, our analysis clustered amphibian, bird and mammalian sequences separately from that of fish. The unexpected position of the toadfish MGP (HdMGP) in the MGP treetoadfish is part of the Paracanthopterygii superorder and HdMGP is therefore not expected to cluster together with proteins from Acanthopterygii -was confirmed by the cloning and the sequencing of a 194-bp MGP cDNA fragment from a closely-related species, the oyster toadfish Opsanus tau (GenBank accession number AY383483, our unpublished results). The peptide encoded (including 65% of the mature protein and most of the Gla domain) was 100% identical to HdMGP. This result may be due to lack of sufficient phylogenetic signal, caused by both short sequence length and high conservation of fish MGP sequences. Phylogenetic analysis of the Gla domain supports the notion that MGP and BGP represent distinct evolutionary groups (Fig.  5C) , as indicated by the relatively high branching support values.
Based on the calibration points described in the Materials and Methods section, both BGP and MGP averaged evolutionary rates were close to 1.00×10 -3 changes/site/Myr. These rates place BGP and MGP in the class of slow-evolving proteins (49), indicating a strong evolutionary pressure to conserve the sequence and likewise the structure.
Timescale for BGP and MGP origin -In order to estimate approximate times for the emergence of MGP and BGP sequences, average intra-group evolutionary distances were estimated for BGP and MGP sequences using the Grishin formula and the Gla region alignment of the 48 sequences. These average distances were then converted in time units using the previously estimated evolutionary rate of 0.1 PAM/Myr. Based on this estimate, the origin of MGP is placed at 480 ± 133 Myr and that of BGP at 381 ± 102 Myr. Although these values are only indicative, they agree well with our hypothesis for the origin of MGP and BGP in relation to the phylogeny of animal species (see Discussion and Fig. 7) .
DISCUSSION
This work identified 13 new sequences (8 MGPs and 5 BGPs) through cDNA cloning or sequence reconstruction, increasing the number of available sequences to 48 (20 MGPs and 28 BGPs). Taking advantage of the resulting large amount of data, we have compared MGP and BGP genes and proteins, created multiple sequence alignments to identify conserved features likely to be important for protein structure, function and regulation, and performed a phylogenetic analysis of both proteins.
MGP and BGP are vertebrate-specific proteins -
This work identified sequences across 32 different species representing most classes of vertebrates (including mammals, birds, amphibians, bony fish, and cartilaginous fish) but none in other organisms (including archaea, bacteria, viruses, fungi, plants, arthropods, nematodes and chordates). An extensive in silico analysis of public databases available through the Internet failed to identify a Gla domain within non-vertebrate genomes already complete. However, the fruit fly Drosophila melanogaster protein Msp-300 (muscle-specific protein 300; (50)) has shown some homology with MGP Gla domain (P. A. Price and M. K. Williamson, unpublished data). Homologous region is located at the C-terminus of Msp-300 and is only 18 aa long (Fig. 6) . Despite being short, this region contains important MGP conserved features like the invariant cysteine residues involved in intramolecular disulphide bridge and 3 Glu residues shown to be γ-carboxylated in vertebrates. A vitamin Kdependent γ-glutamyl carboxylase has also been described in D. melanogaster (51) suggesting that Glu residues present within the pseudo-Gla domain of Msp-300 could be γ-carboxylated and play a role in calcium binding. Despite similarities in sequence and also tissue distribution (i.e. both proteins are expressed in muscle cells), Msp-300 is clearly not a matrix Gla protein and similarities observed in protein sequences may only indicate that MGP and Msp-300 ancestors have shared at some point the same Gla-like domain that evolved differently but have retained some characteristic features.
MGP and BGP conserved features -Many invariant residues -shared or not between MGP and BGP -have been identified in consensus sequences obtained from multiple alignments. Their conservation over more than 450 million years of evolution strongly suggests that these residues are required for a correct protein structure or preserve a critical function or interaction (e.g. MGP with BMP2). It has been possible to cluster these conserved residues into various functional domains and post-translational processing sites. Some of them have been identified in previous studies (48,52,53) but one is described for the first time in this work, although already observed in the past (P. A. Price and M. K. Williamson, unpublished data): the ANxF putative peptide cleavage site. This site is present in MGP and would cleave what is considered the core of the protein (C-terminus containing the Gla domain) from the N-terminus containing the phosphorylation and the GGCX domains. The purification of low molecular weight MGP fragments identifying a cleavage site after the asparagine (N) residue of the ANxF domain further confirmed the post-translational proteolytic processing of MGP at this site ( (12) and P. A.
Price personal communication).
In silico analyses of available sequences have predicted 3 highly conserved serine phosphorylation sites within the N-terminal domain of MGP and none in BGP, in agreement with previous in vitro studies (48) and unpublished laboratory data from P. A. Price. It has been proposed recently that Golgi casein kinase could be responsible for MGP phosphorylation at these sites (54), a post-translational modification that would serve as a sorting signal for MGP.
MGP and BGP phylogeny -Vertebrate phylogeny estimated from BGP and MGP set of sequences is consistent with the generally accepted phylogeny of vertebrates estimated from morphological and palaeontological data and is also in agreement with previous studies (7,13,55), even though a rather more extensive set of sequences is used. A number of branches display low support values, indicating poor agreement between the multiple solutions produced by the quartet puzzling algorithm (36). This is more clearly seen in the case of BGP, where most branches have values below 90 (support values below 50% were omitted, producing multifurcated branching). The shorter length of the BGP sequences and the greater degree of conservation may contribute to this, because they result in less phylogenetic signal. Despite these results, separation between BGP sequences of fish and land animals is strongly supported. The QP tree for MGP is much better defined, with only one support value lower than 50 and many greater than 90. Clustering of the various species agrees exactly with the accepted phylogeny of vertebrates, except for the clustering of HdMGP and SaMGP. As previously described, the HdMGP sequence is known with a high degree of certitude, so the unexpected high similarity between the two sequences must come from random mutation noise obliterating the phylogenetic signal. Molecular trees obtained from the analysis of BGP and MGP set of sequences are not species trees and a number of evolutionary processes can introduce differences between a correctly estimated gene phylogeny and the correct species phylogeny. These processes are horizontal transfer, duplication and loss and deep coalescence (56).
Overall phylogenetic analysis based exclusively on the Gla motif region of both MGP and BGP is able to differentiate the two proteins and the land/sea taxon, but beyond that all branching is very poorly defined. This is obviously due to the small number of aligned residues and high amount of sequence conservation. However it must be stressed that the Gla motif region contains enough information to tell BGP and MGP apart, and their sea/land taxa. When more structural information is available, it may be possible to correlate these differences with adaptation to the different environments.
Origin and evolution of BGP and MGP -It is quite clear that BGP and MGP have a common origin and that they are more closely related to each other than to any other VKD protein. This is well supported by the database searching, the exon patterns and protein sequence alignments showing that (1) BGP and MGP genes share the same simple gene organization and protein structure, and (2) the C-terminal domain signature is similar in MGP and BGP. It is also clear that BGP and MGP are nearly if not completely absent in most non-vertebrate taxa. Levels of sequence similarity between BGP and MGP are much higher than one would expect to occur by convergence suggesting that this gene group originated through gene duplication followed by subsequent sequence divergence. This duplication -gene, chromosome, or genome duplication -probably occurred very early in vertebrate evolution, being almost certainly an ancient event. Strong evidence for whole-genome duplication has been shown for vertebrates (57). After the divergence of the cephalochordates from the chordate line, a genomic duplication occurred before jawless fish evolved around 500 Myr ago (Fig. 7) . Another genomic duplication event probably led to the evolution of jawed fish around 400 Myr ago (Fig.  7) . These two duplications led to the development of many distinctive vertebrate features, such as cartilage and bone. We hypothesize that the first genome duplication (before the branching of jawless fish) originated the ancestor gene of MGP, while the second genome duplication (before the branching of cartilaginous fish) would have produced the BGP ancestor gene. The BGP (380 Myr) and MGP (480 Myr) emergence times estimated from the evolutionary rate agree well with this conjecture. The appearance of MGP would be followed by cartilage formation and that of BPG by bone formation. After duplication, gene duplicates -BGP in this case -often experience relaxed evolutionary constraints. This promotes functional diversification of duplicates and biochemical innovation through mutations and recombination. In other terms, duplicates evolve to acquire new functions. Several more speculative evidences for BGP being a duplicate of MGP have been collected: (1) the presence of a MGP-like immunoreactive protein has been observed in lamprey (the more ancient species tested) while BGP was not detected (D. Simes, personal communication), (2) MGP is associated with cartilage -that appeared with the first vertebrates -whereas BGP is only associated with bone, a structure that appeared later in evolution, and (3) BGP seems to be better conserved than MGP.
Although the existence of BGP and MGP paralogues and/or pseudogenes cannot be ruled out, the absence of genes identified during both our survey and our various cloning events in different species that could have resulted from vertebrate genome duplication tends to confirm this hypothesis. The only exception identified so far, the mouse BGP gene cluster (45), is likely to be a recent duplication event after the rodent branching.
Conclusions -Our results support the hypothesis that (1) bone and matrix Gla protein genes originated from two genome duplications that occurred around 500 and 400 Myr ago before jawless and jawed fish evolved, respectively, (2) cartilage and bone tissues arose concomitantly with the appearance of MGP and BGP, respectively, and (3) BGP is a duplicate of MGP. We finally propose highly specific pattern definitions for BGP and MGP Gla domain that should help to reliably identify bone and matrix Gla proteins in the growing family of nonannotated sequences originating from the numerous sequencing projects. . BGP tree is rooted with the bony fish group of sequences and both MGP and Gla domain trees with the soupfin shark sequence.
Fig. 6:
Msp-300 pseudo-Gla domain. MGP sequence is presented as sequence logos where highly conserved residues are displayed as large black characters and * indicates Gla residues found in vertebrate proteins. Disulphide bond linking invariant cysteine residues is also indicated. 
